Abstract
Introduction
Small pore zeolites and silicoaluminphosphates (SAPOs) with Cu 2+ cations in extraframework positions show excellent activity in the selective catalytic reduction (SCR) of NO with NH 3 , an important conversion for the abatement of pollution from lean burn engines.
[1] Materials with the CHA and AEI topology types (zeolites SSZ-13 [2] and SSZ-39 [3] and SAPOs-34 [4] and -18, [5] respectively) are among the most intensely studied for this reaction, (Figure 1 ). Cu 2+ cations can be introduced into the solids by cation exchange of materials from which the original alkylammonium structure directing agents have been removed by calcination. As well as requiring a separate preparative step, this can lead in SAPOs to a reduction in crystallinity and an inhomogeneous distribution of Cu 2+ cations. Recently, we and others have developed a synthetic approach that utilises copper-polyamine complexes as templates, which enables the direct inclusion of complexed Cu 2+ cations in the solids. [6] [7] [8] [9] [10] [11] [12] Calcination then releases the Cu 2+ cations to extra-framework sites distributed throughout the crystals and removes the need for a cation-exchange step. This process was first demonstrated for SAPO STA-7, [6] and subsequently for SSZ-13, [7] SAPO-34, [9] [10] [11] and very recently for SAPO-18 [12] giving active, selective and hydrothermally stable catalysts. The details of the mechanism by which the calcination of the complex-bearing precursor to SAPO STA-7 gives a porous, acidic framework with dispersed copper cations has been followed by ex situ UV-visible spectroscopy and by in situ microcrystal IR spectroscopy. [13] Further, the locations of Cu 2+ cations in calcined Cu SAPO STA-7 have been determined by Rietveld refinement against powder X-ray diffraction data to be in six-membered ring (6R) sites and eight-membered ring (8R)
sites of the STA-7 structure.
Most interest in Cu 2+ -zeotype catalysts for SCR centres on zeolites and SAPOs with the CHA framework topology, because of their high porosity and catalytic activity and the relative ease of their synthesis. We and others [9] [10] [11] have shown that the copper complexes of the linear polyamines triethylenetetramine and tetraethylenepentamine are suitable SDAs for SAPO-34, and that calcination gives active SCR catalysts. Linear polyamines are relatively affordable (compared to the azamacrocycle used in the synthesis of Cu-SAPO STA-7) so we set out to investigate the action of a range of copper complexes of the linear polyamines in the direct synthesis of Cu 2+ -containing SAPOs, and to understand the mechanism by which they direct crystallisation. The linear polyamines used, together with their acronyms, are shown in Scheme 1. All except 232 were found to give Cu SAPO-34 in the presence of Cu 2+ .
In addition to the preparation of different Cu 2+ -containing SAPO-34 materials, it was possible with specific metal polyamine complex SDAs and under a restricted range of gel compositions to direct the synthesis towards Cu-SAPO-18. SAPO-18, like its polytype SAPO-34, is a small pore structure composed entirely of D6R building blocks, linked by 4Rs. The difference between the two structures lies in the mode of stacking of layers of D6Rs: in the CHA topologies all D6Rs have the same orientation whereas in AEI the structure consists of layers of D6Rs with alternating orientations (Figure 1 ).
Very recently, the direct synthesis of copper-complex containing SAPO-18 has been reported for the first time, where the preparation requires the addition of dimethylpiperidinium cation as the template and the Cu TETA complex is included as a 'co-template' in the aei cages of SAPO-18 crystals. Here, we show that the copper complex of '232' has a direct templating action towards the SAPO-18 structure.
In all the Cu-SAPO-34 and Cu-SAPO-18 materials reported here, the Cu-polymaine complex has a strong templating action. To understand this better, a detailed spectroscopic study (UV-visible, EPR) of the encapsulated complexes was performed to determine their geometry and hydration state. Additionally, Ni 2+ complexes of the same set of polyamines were examined in a parallel set of experiments to give more information on the role of the complex's geometry in controlling crystallisation in these systems. Ni 2+ DETA complexes have previously been shown to act as SDAs in aluminophosphate syntheses. [14, 15] Both Ni-SAPO-34 and Ni-SAPO-18 materials crystallised (reported here for the first time) and in addition to spectroscopic characterisation, modelling was used to explain the observed phase selectivity.
Calcination of the different solids gave Cu-and Ni-forms of both SAPO-34 and SAPO-18. The calcination of Ni-SAPO-18 was followed in situ by Synchrotron radiation (SR)
IR microspectroscopy and the final location of Cu 2+ and Ni 2+ cations in the calcined forms of both SAPO-34 and SAPO-18 were determined by Rietveld refinement.
Selected calcined Cu-SAPO-18 and Cu-SAPO-34 materials were tested as catalysts for NH 3 SCR of NO and found to be active.
Experimental details

Synthesis and preparation
The polyamines diethylenetriamine (DETA), N-(2-hydroxyethyl)ethylenediamine added to promote the nucleation of pure SAPO-18. Details are given in Table 1. STA-7 was chosen because it has one crystal face (100) structurally similar to one of SAPO-18
(110) and none in common with SAPO-34, and overgrowths of SAPO-18 on SAPO STA-7 have been reported. [16] The final gels were stirred continuously at room temperature until homogeneous, prior to being transferred to a Teflon-lined stainless steel autoclave and heated at 190 °C for 6 days. The resultant products were suspended in water and sonicated to force separation of crystalline material from fine grained amorphous solid, which was removed by decanting. The crystalline materials were collected by filtration, washed with deionized H 2 O, and dried in air at 80 °C for 12 hours.
Characterisation
For phase identification, X-ray powder diffractograms in the 2θ range 5-50° (step size 0.01°, time step -1 160 s, 0.04 rad Soller, 45 kV, 35 mA) were carried out on a Panalytical Empyrean automated diffractometer equipped with a X'Celerator detector.
The data were collected in Bragg-Brentano geometry, using Cu K α1 (λ = 1.54056 Å) Xradiation via a primary monochromator. For structure refinement, samples were loaded in 0.5 or 1.0 mm quartz glass capillaries and dehydrated at 250 °C under a vacuum of 10 -5 mbar for 10 hours before being sealed and mounted on the diffractometer. X-ray powder diffractograms in the 2θ range 3-70° (step size 0.1°, time step -1 80 s, 40 kV, 35 mA) were measured at 21 °C in Debye-Scherrer mode on a Stoe STADI/P diffractometer with a primary monochromator, using Cu K α1 X-radiation (λ = 1.54056 Å) and equipped with a linear PSD detector.
Scanning electron microscopy was carried out with a JEOL JSM 6700F SEM with an Oxford INCA Energy 200 EDX analyser to determine the Si, Al, P, Cu and Ni content.
When necessary, samples were ground fine prior to analysis, to minimise the effects of zoning on the measured compositions. More accurate determination of transition metal content was performed using a Philips PV 9400 X atomic absorption spectrometer with a Unicam hollow cathode lamp, at the characteristic resonance line, using an airacetylene flame. Thermogravimetric analysis of as-prepared samples was performed on a NETZSCH TG1000M in a dry air flow with a heating rate of 5 °C min -1 . Elemental analysis was carried out by Elemental Analysis Service, London Metropolitan University, United Kingdom.
Spectroscopies
In order to understand the structure directing role of the various metal complexes, UVvisible and EPR spectroscopies were used to investigate the geometry of the coordination of the metal cations. UV-visible absorption spectra of as-prepared solid samples were measured on a JACSO V-650 UV-visible spectrophotometer equipped with a photomultiplier tube detector. Spectra were collected over the wavelength range Anisotropic continuous-wave (CW) spectra were fitted in EasySpin [17] from an axial g-tensor and assuming a collinear axial Cu-hyperfine coupling and an isotropic line width. A second component was added when this improved the fit substantially.
To determine the coordination geometry and distribution of Al, Si and P framework cations, solid-state NMR spectra were collected at room temperature using a Varian VNMRS 400 spectrometer, equipped with a widebore 14. 
Computational modelling
Molecular modelling studies were performed using the Forcite module within the program Materials Studio version 6.1. [20] The Universal Force Field (UFF) was used and the charges on the framework were scaled so that a neutral simulation box was maintained upon introduction of Ni complex with a +2 charge. The framework structures were simulated using a fully aluminophosphate model with an aluminium to phosphorus ratio of 1:1; these atoms were held rigid throughout the simulation. The flow rate was set at 1.3 L min -1 , corresponding to a weight hourly space velocity (WHSV) of 195 L (g cat h) -1 over the catalysts. The catalysts were introduced in the reactor and heated from 150 to 550 °C with a heating rate of 5 °C min -1 . Inlet and outlet gas compositions were measured using a FTIR analyser while O 2 concentrations were determined by using an O 2 analyser. To determine the hydrothermal stability of the catalysts after an extremely high temperature exposure, a separate set of pelletised samples were heated to 900 °C at a heating rate of 10 °C min -1 and kept there for 1 h in a flow reactor with a gas containing 4.5% H 2 O in air at a flow rate of 1.3 L min -1 , prior to examination as a catalyst.
Crystallography: Rietveld refinemnet
Rietveld refinement of selected calcined and dehydrated copper and nickel SAPO-34
and SAPO-18 structures was carried out using the GSAS suite of programs and the EXPGUI graphical interface. samples, a second phase was added during the refinement. Only the scale factor, the cell parameters, the peak shape and no structural parameter were refined for this second phase. The SAPO-34 fraction determined corresponds to 17.5% for Cu-SAPO-18 and 5.8% for Ni-SAPO-18. Difference Fourier analysis and iterative refinement of positions and occupancies were adopted to locate the transition metal cations within SAPO-34
and SAPO-18.
Results and Discussion
Synthesis and composition of Cu, Ni SAPO-34 and SAPO-18
The structure-directing role of a wide range of linear polyamine complexes of Cu 2+ and Ni 2+ has been investigated in the synthesis of silicoaluminophosphates. As shown in Figure 2 , Figure 3 and contain a very small impurity of CHA. Furthermore using only TEA + as the SDA and copper acetate without polyamines, the presence of copper oxide (CuO) has been detected in the resultant SAPO-34 by PXRD ( Figure S1 , Supporting information). This result proves the important roles played by the linear polyamines for the incorporation of isolated metal cations.
Cu-SAPO-18 crystallised when TEAOH was used as a co-base and in the presence of seeds of STA-7, which favour its nucleation. [16] In the absence of TEA + no crystalline phase was obtained, while without seeds the impurity of SAPO-34 is greatly increased 
Spectroscopic characterisation of copper and nickel complexes
Evidence for the integrity of the copper and nickel complexes in the final solids, apart from their characteristic colours (Table 3) , was obtained from their UV-visible spectra, which show characteristic d-d transitions ( Figure 5 and Figure 6 ). and Ni 2+ complexes, UV-visible spectra were measured on samples dehydrated at 170
°C in a N 2 flow (conditions that do not lead to degradation of the organic ligands). As shown in Figure 5 and summarised in Table 3 the dehydration process affected the spectra of Cu-DETA, Cu-HEEDA and Cu-PEHA; the absorption band at 350 nm is increased, possibly due to the removal of the copper cations from complexes. Upon dehydration, Ni-TETA converts from octahedral (planar polyamine and two axial water molecules) to square planar geometry (band maximum at 445 nm) and Ni-232 shows a variation in the spectrum that can be attributed to the removal of water molecules during dehydration. The red-shift highlighted with Ni-TEPA might be associated with the removal of one molecule of water from the coordination sphere of nickel and/or a distortion of the octahedral configuration ( Figure 6 ).
In previous papers reporting the direct synthesis of Cu-SSZ-13, [7] Cu-SAPO-34 [9] [10] [11] and Cu-SAPO-18 [12] using Cu The main difference between the method of synthesis in this work from that of Corma and co-workers, [12] is that whereas a template, N,N-dimethyl-3,5-dimethylpiperidinium, is used in that work to direct the synthesis of the SAPO-18, entraining Cu 2+ and/or Cu 2+ complex at the same time, in our synthesis it is the Cu-232
complex that directs crystallisation of the AEI structure.
Our results indicate that the length and flexibility of the polyamines, the different [Ni-232] 2+ seems to be slightly too small for the cha cage while the pear shape of the aei cage matches well with the shape of the template and may allow the presence of water molecules coordinated axially to the metal cation, giving rise to the mixture of square planar and octahedral complexes observed in the UV-visible spectra.
Electron paramagnetic resonance spectroscopy was used to obtain additional information on the templating behaviour of Cu-TETA (222) and Cu-232 complexes contained within SAPO-34 and SAPO-18, respectively. EPR spectra were measured on as-prepared samples in hydrated, dehydrated (170 °C for 10 hours under vacuum) and rehydrated (exposed to moist air for one week) forms. A similar series of measurements was also carried out on the calcined and re-hydrated samples ( Figure 9 ). These spectra are commonly dominated by g-anisotropy and hyperfine coupling to the Cu 2+ nucleus while couplings to the ligand nitrogen atoms are unresolved. Spectra of as-prepared materials have been satisfactorily fitted using two different species whose axial g-and hyperfine tensor components are reported in Table S2 . [26] On subsequent exposure to air the signal reverted to that of the hydrated form and could be simulated with identical parameters.
The spectra of the calcined solids have been fitted using a combination of rhombic and isotropic species (Table S3) Figure 10 shows, the crystallinity of the samples was not strongly affected by the detemplation process.
Nitrogen adsorption at -196 °C on calcined samples has been measured to investigate the effect of metal cations within SAPO-34 and SAPO-18 on their pore volume ( Figure   S4 
In situ synchrotron IR micro-spectroscopy: calcination of Ni-SAPO-18
The calcination in air of SAPO-18 containing Ni-232 has been followed in situ by microcrystal synchrotron IR absorption spectroscopy. Using the OPUS software suite [19] individual pseudo-cubic single crystals with an average length of 50 μm were carefully selected and measured. Samples were heated to 100 °C in order to remove weakly bound water, followed by heating further to 550 °C in 50 °C increments. Each temperature was kept constant for 10 minutes before the spectrum was recorded. The spectra collected between 100 and 300 °C include bands characteristic of the organic 1,2-bis(3-aminopropylamino)ethane ( Figure 11 ). 
Solid-state NMR
Solid-state MAS NMR spectra were recorded on as-synthesised and calcined (dehydrated) SAPO-34 and SAPO-18-containing copper ( Figure 12 ) and nickel ( Figure   S5 ). The 27 Al MAS NMR spectra of as-prepared samples show two resonances: one between 7.1-7.9 ppm assigned to five-fold Al and one between 36.4-37.5 ppm assigned to tetrahedrally coordinated Al atoms. For Ni-SAPO-34 and Cu-SAPO-18, the five-fold environment is more abundant. Due to the absence of water in the dehydrated samples, the additional coordination is likely to be from charge-balancing hydroxyl groups or from the ligand. This is supported by the disappearance of the corresponding resonance after calcination (a very small shoulder is still present in Cu-SAPO-18 Cu-SAPO-34 and Cu-SAPO-18 prepared using Cu(HEEDA) and Cu-232 as SDAs, respectively, as described in Table 4 . These samples were chosen because they had high Cu 2+ contents and good crystallinity. Crystallographic data are listed in Table 4 while the refinement plots and crystal structures are shown in Figures 13 and 14 . The final atomic coordinates and thermal parameters for Cu-SAPO-34 and Cu-SAPO-18 are listed in Table S4 and S6, respectively. Selected interatomic lengths and angles are summarised in Tables S5 and S7 .
In SAPO-34, Cu 2+ cations were located within the cha cage at an average distance of Table S9 and S11, respectively. Selected interatomic lengths and angles are summarised in Tables S10 and S12.
Catalytic performances of copper-containing catalysts in the selective catalytic reduction of NO
Cu-SAPO-34 and Cu-SAPO-18 samples prepared by the one-pot method using Cu-TETA and Cu-232/TEA + in the gels (see Table 1 ) were tested as catalysts for the selective catalytic reduction of NO x by NH 3 . Cu-SAPO STA-7 prepared by the one-pot route reported by Picone et al. [6] was also tested, and is a suitable comparison because the framework structure is closely related to that of SAPO-34 and SAPO-18 (D6Rs as building units and each cage linked to six others by 8R windows). The chemical composition, particle sizes (8 -10 m), morphology, and BET surface area of all catalyst samples tested are given in Table 5 . 
Discussion
The results show that it is possible to perform the one-pot synthesis of Cu-SAPO-34 and Cu-SAPO-18 precursors to deNOx catalysts using a wider range of copper-polyamine complexes than previously reported, but that the choice of polyamine has an important influence on both the amount of Cu 2+ incorporated and the type of zeotype structure that crystallises. The work targeted the synthesis of Cu-SAPOs, because of their relevance to selective catalytic reduction, but investigation of one-pot synthesis using Ni 18 in this work from that of Corma and co-workers [12] is that whereas a template, N,N-dimethyl-3,5-dimethylpiperidinium, is used in that work to direct the synthesis of the SAPO-18, entraining Cu 2+ and/or Cu 2+ complex at the same time, in our synthesis it is the Cu-232 complex that directs crystallisation of the AEI structure.
In all of the solids prepared here by the one-pot method, calcinations gives crystalline, microporous solids. Their pore volumes are lower than those expected for the corresponding SAPOs without metal cations by ca. 30%. Solid state NMR indicates the frameworks of the calcined forms are fully tetrahedrally-coordinated, with the Si replacing P exclusively, and therefore imparting one negative charge per Si to the framework. This balances the positive charge of cations released by removal of the polyamines and has previously been shown to give rise to catalysts of good stability in the SCR reaction. [11] The mechanism of the template removal from Ni-SAPO-18 by calcination in air has been studied in detail by in situ single crystal SR IR spectroscopy. to understand the mechanism of structural collapse under harsh hydrothermal treatment conditions in order to optimise the materials synthesis by controlling framework composition, copper content and the presence of structural intergrowths and other defects.
Conclusions
The one-pot synthesis route to Cu-SAPO-34, reported previously with triethylenetetramine (TETA) and tetraethylenepentamine (TEPA), has been extended to the Cu- show some resistance to collapse, suggesting that careful control of composition and structure can improve the hydrothermal stability of these types of materials. . 29 Si, (middle) 31 P and (bottom) 27 Al. 
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